A compact spatial free-positioning wireless charging system with a novel three-dimensional (3D) transmitting (Tx) coil is proposed to charge consumer electronics in the working area. Because of the strengthened electromagnetic field generated by the proposed 3D Tx coil in the space, this system can charge consumer electronics wirelessly with great tolerance to positional and angular misalignments between the transmitter and receiver. Benefiting from the compact design of the 3D Tx coil, the system can be easily embedded in some corners of office furniture/cubic panels, which will not cause any extra working space consumption when charging devices. The inductor-capacitor-capacitor (LCC) compensation circuit on the Tx side can achieve constant current output, which is independent of load condition and can protect the transmitter. With the LCC compensation circuit, the MOSFETs of the H-bridge high-frequency inverter realized zero voltage switching (ZVS). The small-sized planar receiving (Rx) coil and series (S) compensation circuit is applied to achieve compact receiver design. The theoretical and experimental results show that the spatial free-positioning wireless charging prototype can transfer 5 W to the small-sized receiver in around 350 mm × 225 mm × 200 mm 3D charging area and achieve the highest efficiency of 77.9%.
Introduction
Wireless power transfer (WPT) technology enables users to charge electronics without the inconvenience caused by the physical cable. Therefore, WPT has been investigated deeply and spread widely in recent years [1] [2] [3] . With the fast progress of modern consumer electronics, such as mobile phones and electronic watches, panel-structured wireless chargers have been high-end standard equipment. However, such a charging system is sensitive to misalignment between the charger and the device, which leads to bad user experiences. Hence, some free-positioning and omnidirectional wireless charging systems and related control methods have been proposed [4] [5] [6] [7] [8] [9] [10] [11] . On the basis of the spherical two-or three-dimensional Tx coil, some control methods, such as current vector control, nonidentical current control, and current amplitude control, were proposed to achieve omnidirectional WPT [4] [5] [6] . However, the external measuring and feedback control loop, which are necessary for the control system, are usually expensive and make the systems more complex. In the work of [7] , a free-positioning WPT system was proposed, but, because of the panel-structured Tx coils, the system had only two degrees of freedom; thus the efficiency will decrease dramatically with the increase of distance between Tx and Rx coil. Some Cubic Tx coils were proposed to achieve omnidirectional power transfer [8, 9] . However, in the work of [8] , the effect of distance was not discussed and the Rx coils were too large to be integrated in the consumer devices. The size of the Tx coil in the work of [9] was also large and would lead to the space assumption in the working area. On the basis of the crossed bipolar Tx and Rx coils, six degrees of freedom mobile inductive power transfer were achieved [10] . However, the complex structure and large size of Rx coils make it difficult for them to be integrated into portable consumer devices. The wireless charging bowl achieved omnidirectional wireless charging [11] , but the system was still sensitive to the distance between transmitter and receiver and the devices must be put into the bowl when they need to be charged. The authors of [12] proposed a new wireless power supply system in a standard homecage; this system can generate a relatively evenly magnetic field inside the homecage and transfer a few milliwatts to the small receiver. However, the small power supply cannot satisfy the need of mobile phone charging and, further, the transmitting coil design is relatively complex. Furthermore, compared with the proposed transmitter in this paper, the transmitter in the work of [12] will consume a large working space when it is installed on the table. To resolve the above issues and achieve spatial wireless charging for portable electronics, a spatial free-positing wireless charging system using a novel 3D Tx coil with an inductor-capacitor-capacitor and series (LCC-S) compensation circuit is studied theoretically and experimentally in this paper.
Proposed Transmitting Coil
The proposed 3D Tx coil consists of a planar bipolar DD coil and a spatial triangular-shaped coil, which are connected in series. The configuration is described in Figure 1 , where the arrow lines denote the direction of current in the Tx coil. The base line of the triangular coil should coincide with the diagonal of the bipolar DD coil. In this way, the magnetic field generated by the two elements will strengthen each other in the whole charging area. Furthermore, the compact Tx coils will not cause any space consumption when embedded in the corner of some office furniture.
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The proposed 3D Tx coil consists of a planar bipolar DD coil and a spatial triangular-shaped coil, which are connected in series. The configuration is described in Figure 1 , where the arrow lines denote the direction of current in the Tx coil. The base line of the triangular coil should coincide with the diagonal of the bipolar DD coil. In this way, the magnetic field generated by the two elements will strengthen each other in the whole charging area. Furthermore, the compact Tx coils will not cause any space consumption when embedded in the corner of some office furniture. For comparison, four different Tx coil models of the same size are established in ANSYS MAXWELL (2017.1.0, Canonsburg, PA, USA), and the magnetic flux density in the YZ vertical section is shown in Figure 2 . The current excitations of different coils are set to be the same in the simulations. On the basis of the simulation results of the magnetic flux density of these coils, for the planar concentric spiral coil shown in Figure 2a and the planar bipolar DD coil shown in Figure 2b , the magnetic field density decreases dramatically with the increase of height, which means these planar Figure 2a and the planar bipolar DD coil shown in Figure 2b , the magnetic field density decreases dramatically with the increase of height, which means these planar coils are not appropriate for the spatial WPT. The traditional cubic 3D coils shown in Figure 2c can strengthen the magnetic field density in the higher space. However, the magnetic field density in the lower space is weakened dramatically, especially on the XY plane. This will lead to lower charging efficiency and smaller power capacity when the device is lying flat on the XY plane. In this paper, a novel compact 3D Tx coil shown in Figure 2d is proposed to overcome these drawbacks. From the simulation results, it can be seen that the magnetic flux density is reinforced significantly in the whole charging area.
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where |B r | is the norm of the magnetic flux density in the position of the Rx coil and |S i | is the area of the ith turn of the Rx coil. For the planar Rx coil, at the fixed working frequency, according to Equation (2), the induced electromotive force (EMF) in the Rx coil just depends on the magnetic flux density |B r | and the angle θ. In consideration of the direction of the magnetic field generated by the proposed 3D Tx coil, whenever the Rx coil is laid flat on the table or held in higher space when the electronics are being used, the angle θ is usually small, which leads to the large value of cos θ. Combined with the strengthened magnetic flux density, a higher induced EMF in the Rx coil is achieved. As a result, the proposed 3D Tx coil can achieve good performance in spatial free-positioning WPT compared with the planar Tx coils and cubic 3D Tx coil.
Compensation Circuit Design and Analysis
In consideration of the receiver size limitation, series compensation is selected for the receiver side. For the transmitter side, when the receiver moves in the whole charging area, the coupling coefficient will change in a relatively wide range. This change will lead to a significant fluctuation of the current in the transmitter side, including the Tx coil and the inverter, which could cause insecurity.
To eliminate the effect of the wide range of coupling coefficient and realize a constant transmitter current as well as protection of the transmitter side, the LCC compensation is applied for the transmitter side [2] . Therefore, an LCC-S compensation is formed. The topology and equivalent circuit of the wireless charging system with LCC-S compensation is presented in Figure 4 .
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where | | is the norm of the magnetic flux density in the position of the Rx coil and | | is the area of the ith turn of the Rx coil. For the planar Rx coil, at the fixed working frequency, according to Equation (2), the induced electromotive force (EMF) in the Rx coil just depends on the magnetic flux density | | and the angle θ. In consideration of the direction of the magnetic field generated by the proposed 3D Tx coil, whenever the Rx coil is laid flat on the table or held in higher space when the electronics are being used, the angle θ is usually small, which leads to the large value of cos . Combined with the strengthened magnetic flux density, a higher induced EMF in the Rx coil is achieved. As a result, the proposed 3D Tx coil can achieve good performance in spatial freepositioning WPT compared with the planar Tx coils and cubic 3D Tx coil.
To eliminate the effect of the wide range of coupling coefficient and realize a constant transmitter current as well as protection of the transmitter side, the LCC compensation is applied for the transmitter side [2] . Therefore, an LCC-S compensation is formed. The topology and equivalent circuit of the wireless charging system with LCC-S compensation is presented in Figure 4 . On the transmitter side, Lf resonates with Cf, which forms the LC parallel resonance. Also, the series reactance of C1 and L1 resonates with Cf, which forms the parallel resonance. On the receiver On the transmitter side, L f resonates with C f , which forms the LC parallel resonance. Also, the series reactance of C 1 and L 1 resonates with C f , which forms the parallel resonance. On the receiver side, C 2 and L 2 forms the series resonance. The equations of resonance relationship are given as follows [13] :
where ω 0 is the resonant angular frequency.
On the basis of Kirchhoff's law and the first harmonic approximation (FHA), the equations of the equivalent circuit can be expressed as follows:
where U in is the AC voltage output of the inverter, U o is the load voltage, ω is the angular frequency, R 1 , R 2 are the AC resistance of the Tx coil and Rx coil, respectively, R load is the load resistance and M is the mutual inductance and can be calculated as follows:
Considering the high quality factor of the compensation inductor, from Equation (4), the Tx and Rx coil currents can be calculated as follows:
From Equation (6), it can be seen that the Tx coil current is independent of the coupling and load conditions. The constant Tx coil current can reduce the impact of the dramatic change of the coupling coefficient, protect the Tx side, and simplify the design of the system. From Equation (4) to Equation (6), the coil-to-coil efficiency can be expressed as follows:
where
When the coil parameters and the working frequency are determined, we can find that the value of B and C is fixed and the value of A is determined by the load resistance R load . From Equations (7) and (8), when the smallest value of A is obtained, this leads to the highest coil-to-coil efficiency. Thus, the optimal load resistance can be calculated by Equation (9) to get the highest coil-to-coil efficiency.
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Design and Implementation of the System
For verification, the proposed 3D Tx coil is designed and manufactured to form a spatial free-positioning WPT system for mobile phone charging. To increase the transfer efficiency and transfer power, the operating frequency is set to 800 kHz. Figure 5a shows the schematic diagram of the Tx and Rx coils. L t , W t , and H t are the length, width, and height of the transmitter, respectively. E t is the width of the Tx coil and D is the outer diameter of the receiver. The position of the Rx coil is given by (x, y, z) and β, where (x, y, z) are the spatial coordinates of central point of the Rx coil and β is the rotation angle between the Rx coil and the XY plane. The approximate effective charging area (dashed box) of the prototype, where the transmitter can transfer 5 W to the receiver, and an embedded example of the Tx coil are shown in Figure 5b .
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Experimental Results and Discussion

Performance of H-Bridge High-Frequency Inverter and Compensation Circuit
the output voltage of the inverter and the MOSFET of the H-bridge works in zero voltage switching (ZVS). From the waveforms of Uin, I1, and I2, we can find that the current flowing through Tx and Rx coil has good sinusoidal properties and Uin leads I1 by almost 90°, which is identical with the theoretical analysis. This means that the compensation circuit works well.
Output of Power and Efficiency
Thirty-two different positions are chosen as the test points, including eight points flat on the XY plane and others in the air with different rotation angles. The output power and corresponding total efficiency at the test points are shown in Figure 8 . The power amplifier (PA) power and efficiency in some conditions are also tested, and the results are shown in Table 3 . 
Thirty-two different positions are chosen as the test points, including eight points flat on the XY plane and others in the air with different rotation angles. The output power and corresponding total efficiency at the test points are shown in Figure 8 . The power amplifier (PA) power and efficiency in some conditions are also tested, and the results are shown in Table 3 . From the experimental results shown in Figure 8 , we can find that the receiver can receive more than 5 W at most test points. The highest efficiency (77.9%) is achieved when the Rx coil laid flat at (200 mm, 250 mm, 2 mm), and the efficiency decreases to 1.4% at (300 mm, 100 mm, 200 mm) with a rotation angle of 60 • , because of the very small coupling coefficient at this point caused by the large transmitting distance and large angle misalignment. From Table 3 , it can be seen that the PA efficiency Energies 2019, 12, 1409 9 of 10 changes from 72.14% to 97.22% and is inversely proportional to the input power, which is because the conduction loss of MOSFET is proportional to current. The relatively small range of variation and high efficiency can show that the ZVS of MOSFET is achieved in all conditions. The coil-to-coil efficiency is also shown in Table 3 ; it changes with different misalignments and mainly depends on the coupling coefficient between the Tx and Rx coil. From the experimental results shown in Figure 8 , we can find that the receiver can receive more than 5 W at most test points. The highest efficiency (77.9%) is achieved when the Rx coil laid flat at (200 mm, 250 mm, 2 mm), and the efficiency decreases to 1.4% at (300 mm, 100 mm, 200 mm) with a rotation angle of 60°, because of the very small coupling coefficient at this point caused by the large transmitting distance and large angle misalignment. From Table 3 , it can be seen that the PA efficiency changes from 72.14% to 97.22% and is inversely proportional to the input power, which is because the conduction loss of MOSFET From the experimental results, an effective spatial free-positioning charging area, which is approximately 350 mm × 250 mm × 200 mm, is created by the experimental prototype without any consumption of working space. The average efficiency is 26.6% for the whole effective charging area.
Conclusions
A compact spatial free-positioning wireless charging system for consumer electronics using 3D Tx coils has been demonstrated. The novel structure of the proposed 3D Tx coils makes it easy to embed them into some corners of office furniture/cubic panels in such a way that they will not cause any extra space consumption, which is conducive to improving the user experience. The planar Rx coil is designed to match the small size and flat structure of mobile phones. The strengthened magnetic field generated by the novel 3D Tx coils makes it possible to charge consumer devices effectively in a 3D space of 250 mm × 300 mm × 200 mm with a good tolerance of positional and angular misalignment. The ZVS condition for the MOSFETs is realized. The system can achieve the highest efficiency of up to 77.9% and the average efficiency of 26.6% for the whole charging area. 
